In this paper, we report the synthesis, characterization, and electrochemical evaluation of a mesoporous PtSnO 2 /C catalyst, called PtSnO 2 (M)/C, with a nominal Pt : Sn ratio of 3 : 1. Brunauer-Emmett-Teller and transmission electron microscopy characterizations showed the obvious mesoporous structure of SnO 2 in PtSnO 2 (M)/C catalyst. X-ray photoelectron spectroscopy analysis exhibited the interaction between Pt and mesoporous SnO 2 . Compared with Pt/C and commercial PtSnO 2 /C catalysts, PtSnO 2 (M)/C catalyst has a lower active site, but higher catalytic activity for ethanol electro-oxidation reaction (EOR). The enhanced activity could be attributed to Pt nanoparticles deposited on mesoporous SnO 2 that could decrease the amount of poisonous intermediates produced during EOR by the interaction between Pt and mesoporous SnO 2 .
Introduction
The direct ethanol fuel cell (DEFC) has been extensively investigated because ethanol is regarded as one of the potential fuels for H 2 and methanol in polymer electrolyte membrane fuel cell applications. However, the ethanol oxidation reaction (EOR) that occurs in the fuel cell anode is slow and incomplete, thus reducing the anode catalytic performance of DEFC. Many investigations have been conducted to improve the anode performance of DEFC. The Pt-Sn catalyst was reported to be the most effective catalyst for EOR compared with other Pt-based binary catalysts 1, 2 because of its enhanced ability to break the C-C bond and improved resistance to poison from CO-like intermediates produced during ethanol oxidation reaction. [3] [4] [5] However, the activity of Pt-Sn catalyst still cannot satisfy the criteria for commercial DEFC anode catalyst. Therefore, catalytic performance should be improved further by redesigning Pt-Sn catalyst.
The role of SnO 2 on the enhanced EOR activity of Pt-Sn catalysts has been extensively investigated. 6, 7 Recently, some investigators have reported that SnO 2 species can produce hydroxy radical species at lower potential than Pt. Thus, CO-like intermediate residues react with hydroxy radical species in the vicinity of Pt particles to free Pt active sites based on the bifunctional mechanism. 8, 9 SnO 2 also improves the cycling stability of Pt-Sn catalysts because of its corrosion-resistant property. However, some investigations determined that SnO 2 nanoparticles are fully coated with the Pt layer. These nanoparticles cannot produce hydroxy radical species to increase the CO tolerance of the catalyst based on the bifunctional mechanism. 10 Pt particles are poisoned by CO-like species if no direct contact occurs between Pt particles and SnO 2 . 11 Several studies have recently focused on PtSnO 2 systems that exhibit high catalytic activity for ethanol oxidation. Zhang et al. 12 determined that Pt supported on SnO 2 flower-shaped catalyst demonstrates high electrocatalytic activity and long-term cycle stability because of the multi-dimensional active sites and radial channels of liquid diffusion. Zhang et al. 11 showed that Pt/(CNT@SnO 2 ) catalysts exhibit significantly higher catalytic activity and CO tolerance for ethanol electro-oxidation than Pt/CNT. Pt-Sn catalysts can improve EOR activity by alloying with a third metal (Ir or Rh). 5, 13 Ternary PtRhSnO 2 electrocatalyst for ethanol oxidation can be significantly improved because SnO 2 supplies hydroxy radical species, whereas Rh can be induced to break the C-C bond at room temperature. 13 Li et al. 5 determined that PtIrSnO 2 /C catalyst with high Ir content exhibits outstanding catalytic properties for EOR and good selectivity toward complete oxidation of ethanol to CO 2 . However, Rh and Ir are rare and costly precious metals. It has been suggested that some non-noble metal oxides possess good capacity for preventing CO poisoning. 14, 15 Therefore, in this work, we will try to enhance the performance of Pt catalyst for ethanol oxidation through forming mesoporous PtSnO 2 nanoparticles.
Although considerable effort has been exerted to prepare mesoporous SnO 2 nanomaterials because of their excel-lent properties for application in Li-ion batteries and gas sensors, 16, 17 the catalytic behaviour of mesoporous SnO 2 toward EOR has been rarely studied. In the present work, we prepared C-supported electrocatalysts that consist of a mesoporous SnO 2 core decorated with Pt nanoislands via modified polyol method. We hypothesized that this special catalyst structure will increase the catalytic activity and CO tolerance of Pt to ethanol oxidation. ) was purchased from Cabot Corporation, Boston, MA, USA. All chemicals were of analytical grade and used as received without further purification.
Synthesis of mesoporous SnO 2
Mesoporous SnO 2 was synthesized via a water-evaporating process that was previously reported in. 18 In this process, 0.45 g Na 2 SnO 3 · 3 H 2 O was added into 5 ml distilled water in an open container. After Na 2 SnO 3 · 3 H 2 O had completely dissolved, 25 ml oleic acid was added to the Na 2 SnO 3 solution. The container was maintained at 150 °C for 5 h at ambient pressure, and then allowed to cool to room temperature naturally. The resulting precipitate was filtered, washed, and dried at 60 °C for 12 h. Finally, the solid was further treated at 300 °C in air for 2 h to obtain SnO 2 mesoporous nanomaterials.
Synthesis of PtSnO 2 (M)/C catalyst
The appropriate amount of mesoporous SnO 2 was first dissolved in 50 ml EG and sonicated for 0.5 h. The appropriate amount of H 2 PtCl 6 · 6 H 2 O was then added. The solution was heated to 130 °C and maintained at this temperature for 2 h. The solution cooled down to 60 °C. Afterward, the appropriate amount of XC72R carbon black was added to the solution, an aqueous solution of HCl (1.5 M) was added to adjust the pH of the solution to approximately 1. The solution was then stirred for another 6 h and cooled down to room temperature. The obtained mixture was filtered, washed, and dried.
For comparison, PtSnO 2 (N)/C catalyst was synthesized in a manner similar to that of PtSnO 2 (M)/C catalyst, except for the preparation of SnO 2 nanoparticles. SnO 2 nanoparticles were obtained through the following steps. The appropriate amount of SnCl 2 · 2H 2 O was firstly dissolved in 50 ml EG and 1 ml water to form a solution. The solution was then heated to 180 °C, maintained at this temperature for 2 h, and cooled to room temperature. Pt/C was also prepared without adding SnO 2 . The mass fraction of Pt in the catalyst was w(Pt) = 0.20.
Characterization of catalysts
Brunauer-Emmett-Teller (BET) surface area analysis was performed from the nitrogen adsorption isotherms at 77 K using an ASAP 2020 physisorption analyser (Micromeritics Instrument Corporation, Norcross, GA, USA). All samples were degassed at 110 °C under vacuum for 6 h. Average pore diameter (d av ) and pore volume were calculated based on the Barrett-Joyner-Halenda (BJH) method. Powder X-ray diffraction (XRD) data were collected on a D8 ADVANCE X-ray diffractometer (Bruker Biosciences Corporation, Billerica, MA, USA) using Cu Kα irradiation (λ = 1.5406 Å) as source at 40 kV and 40 mA. Transmission electron microscopy (TEM) experiments were conducted using Tecnai F30 field emission transmission electron microscope (FEI, Hillsboro, OR, USA). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was conducted using the TCAP 6000 SERICS ICP emission spectrometer. X-ray photoelectron spectroscopy (XPS) analyses were performed on ESCA 3400 (Kratos Analytical Ltd., Manchester, UK) equipped with Al and Mg sources (1486.6 eV, 12 kV, 300 W). The base pressure of the system was 5 · 10 −7 Pa, and the measurements were conducted at 8 · 10 −7 Pa to 1 · 10 −6 Pa. For each catalyst, a survey spectrum was collected before high-resolution spectra were recorded. Deconvolutions of XPS spectra were conducted using the software XPS Peak 4.1.
Electrochemical measurements
A model 760B potentiostat/galvanostat (CH Instruments, Inc., Austin, TX, USA) was used for electrochemical measurements in a standard three-compartment electrochemical cell. All electrochemistry experiments were conducted at room temperature. The working electrode was a glass C disk with a diameter of 4 mm held in a Teflon cylinder. A Pt foil counter electrode and a saturated calomel reference electrode (SCE) (separated by an electrolyte salt bridge) were used. The working electrode was prepared as follows: Firstly, 5 mg catalyst was mixed with 1 ml ethanol and 5 μl 5 % Nafion solution. The mixture was ultrasonically suspended to obtain ink slurry. Then, 40 μl slurry was spread on the working electrode to form a thin layer. Linear sweep voltammetry (LSV) at a scan rate of 5 mV s . Measurements were performed at room temperature, and the potentials reported in this paper were referenced to those of an SCE.
Results and discussion
The XRD patterns of the obtained SnO 2 sample are shown in of 0.4 to 0.9, thus indicating the presence of a highly mesoporous structure. 19 The surface area for SnO 2 is 109 m 2 g −1 . Such structure produces a unimodal pore size distribution of 3.8 nm, which was calculated from the desorption branch of the nitrogen adsorption isotherm. (Fig. 2b) . The size of Pt NPs in PtSnO 2 (N)/C with diameters from 1.0 to 4.5 nm, had an average value of 2.7 nm (Fig. 2d) . For PtSnO 2 (M)/C catalysts, size dispersion is difficult to determine because of their irregular shape. The selective deposition of Pt on mesoporous SnO 2 results in poor dispersion (Fig. 2e) . The high-resolution (HR) TEM micrograph further shows that the size of Pt nanoparticles is estimated to be 1.5 to 7.5 nm, with a mean value of 4.3 nm (Fig. 2f) , which is larger than those of Pt/C and PtSnO 2 (N)/C catalysts (Fig. 3c) . In addition, several researchers have reported that the ideal particle size for Pt and Pt-based electrocatalysts is within the range of 2.0 to 4.0 nm. 20 Therefore, the selected method can be suitable for preparing Pt-based catalysts. (Figs. 3b and  3d ). This phenomenon indicates that the SnO 2 additive has no effect on the crystal lattice of Pt. In the HRTEM image of PtSnO 2 (N)/C, SnO 2 nanoparticles are observed in the vicinity of Pt particles (Fig. 3a) . In the HRTEM image of PtSnO 2 (M)/C (Figs. 3c and 3d Fig. 4b . The XPS spectrum ranging from 482 eV to 500 eV that are assigned to two peaks, i.e., the Sn 3d 5/2 peak centred at 487.3 eV and the Sn 3d 3/2 peak at 495.9 eV, agrees well with those reported in literature. 22, 23 All Sn 3d 5/2 signals are deconvoluted into two components that correspond to Sn(II) (485.6 eV) and Sn(IV) (487.4 eV). 24, 25 The Sn 3d 5/2 peaks of Sn(II) (485.9 eV) and Sn(IV) (487.5 eV) are 0.2 eV higher than those of PtSnO 2 (N)/C for Sn(II) (485.6 eV) and Sn(IV) (487.3 eV). The change in Sn value in PtSnO 2 (M)/C catalyst may be attributed to the change in its electronic structure.
ICP-AES was conducted to determine the actual content of the elements in the catalysts. As shown in Table 1 , the mass fraction of Pt is 19.8 % and 19.4 %, whereas that of Sn is 4.2 % and 4.3 % in PtSnO 2 (N)/C and PtSnO 2 (M)/C catalysts, respectively. This result reveals that neither Pt nor Sn is dissolved during the preparation process. Fig. 5 shows the XRD patterns of Pt/C, PtSnO 2 (N)/C, and PtSnO 2 (M)/C catalysts. For the three samples, the peak at approximately 25° is attributed to the diffraction at the (002) plane of the hexagonal structure of Vulcan XC72R carbon black. The other four diffraction peaks are characteristic of the face-centred cubic structure of Pt, and correspond to the planes of Pt (111) The hydrogen adsorption/desorption and oxide reduction processes can be used to qualitatively evaluate electrode surface structures. 26 We observed that the areas of hydrogen adsorption and desorption peaks in the order of Pt/C > PtSnO 2 (N)/C > PtSnO 2 (M)/C catalysts. However, in the double-layer capacitance region of PtSnO 2 (M)/C catalyst, between 0.1 and 0.4 V, a less capacitive current was observed than PtSnO 2 (N)/C, indicating the conductivity of PtSnO 2 (M)/C is better than PtSnO 2 (N)/C. This effect could be due to the better conductivity of mesoporous SnO 2 than SnO 2 nanoparticles. The oxide reduction peak at over 0.5 V for PtSnO 2 (M)/C catalyst is larger than Pt/C, indicating more Pt active sites in PtSnO 2 (M)/C catalyst. The contradiction may be attributed to the fact that some of the Pt active sites for hydrogen and adsorption are blocked by SnO 2 . 21 The result suggests that the Pt nanoparticles may have been covered by mesoporous SnO 2 successfully. The electrochemically active surface area (ECSA) is calculated by integrating the charge passing through the electrode during the hydrogen adsorption/desorption process after correcting the double layer formation. The charge required to oxidize a hydrogen monolayer is 0.21 mC cm −2 . 27 The value of ECSA can be obtained through Eq. (1) To evaluate the EOR catalysis of PtSnO 2 (M)/C catalyst, LSV at a scan rate of 5 mV s −1 was conducted. As shown in Fig. 7a , the onset potentials of Pt/C, PtSnO 2 (N)/C, and PtSnO 2 (M)/C are 0.203, −0.138, and −0.138 V (vs. SCE), respectively. The peak current densities in the three electrodes for ethanol are in the following order: PtSnO 2 (M)/C > PtSnO 2 (N)/C > Pt/C, at less than 0.64 V (vs. SCE). PtSnO 2 (M)/C electrode obviously exhibits an extremely high oxidation current density from the quasisteady-state polarization curves. Two oxidation peaks of ethanol oxidation can be observed on PtSnO 2 (N)/C and PtSnO 2 (M)/C catalysts in the range of 0.2 and 0.8 V, which is in accordance with literature results. 8, 23 According to the results reported in the literature, the second oxidation peak (0.7 V) corresponds mainly to the formation of CH 3 COOH, whereas the first oxidation peak (0.36 V) corresponds mainly to the formation of CH 3 CHO. It has been found that CH 3 CHO was formed on Pt surface at potentials lower than 0.6 V (vs. RHE). 29 As soon as CH 3 CHO was formed, it adsorbed on Pt sites and formed CH 3 CO species, which blocked the subsequent oxidation of ethanol. (Fig. 7b ). Curve SnO 2 shows that mesoporous SnO 2 has no electrocatalytic activity for ethanol oxidation, which is in accordance with literature results. 11 Two oxidation peaks of ethanol oxidation can be observed on PtSnO 2 (M) catalysts, which is in accordance with PtSnO 2 (M)/C results in Fig. 7a . According to the results, PtSnO 2 (M)/C catalysts have better performance due to higher activity of PtSnO 2 (M). This result also indicated the interaction between Pt and SnO 2 .
The catalytic activities and stabilities of Pt/C, PtSnO 2 (N)/C, and PtSnO 2 (M)/C electrodes for EOR were investigated via CA measurements performed at 0.2 V for 2400 s. The initial high current corresponds mainly to double-layer charging. A steady decrease in current is observed within the first few minutes for the three catalysts, followed by a fairly constant current for a longer period, which may be due to the poisoning effect of CO-like species produced by the continuous oxidation of ethanol on the catalyst surface. In 
Conclusion
In summary, mesoporous SnO 2 was prepared via a water-evaporating process. C-supported PtSnO 2 (M) parti- cles with a nominal Pt : Sn ratio of 3 : 1 were prepared via a modified polyol method. As-prepared PtSnO 2 (M)/C exhibited enhanced electrocatalytic activity toward EOR compared with solid PtSnO 2 (N)/C and Pt/C catalysts. The enhanced EOR activity could be attributed to the mesoporous structure of SnO 2 and the strong chemical interaction between Pt and SnO 2 . This synthesis may lead to new development strategies to prepare EOR catalysts for DEFC.
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